We evaluate the impact of domain-wall annihilation on the currently ongoing and planned gravitational wave experiments, including a case in which domain walls experience a frictional force due to interactions with the ambient plasma. We show the sensitivity reach in terms of physical parameters, namely, the wall tension and the annihilation temperature. We find that a Higgs portal scalar, which stabilizes the Higgs potential at high energy scales, can form domain walls whose annihilation produces a large amount of gravitational waves within the reach of the advanced LIGO experiment (O5). Domain wall annihilation can also generate baryon asymmetry if the scalar is coupled to either SU(2) L gauge fields or the (B − L) current. This is a variant of spontaneous baryogenesis, but it naturally avoids the isocurvature constraint due to the scaling behavior of the domain-wall evolution. We delineate the parameter space where the domain-wall baryogenesis works successfully and discuss its implications for the gravitational wave experiments.
Introduction
Symmetry and its breaking have been a guiding principle in modern physics. Some symmetry restored at high temperatures may be eventually spontaneously broken at low temperatures. If the breaking scale is high, such spontaneously broken symmetry is hidden and inaccessible to direct observation, but the phase transition might have left some traces, i.e., topological defects such as monopoles, cosmic strings, and domain walls [1] [2] [3] . Thus, topological defects can be a probe of high-energy physics, and they could play an important role in cosmology.
If the discrete symmetry is spontaneously broken, domain walls are formed. Then, in a few Hubble times, domain walls start to follow a scaling law, i.e., the averaged number of the walls per a Hubble horizon remains constant over time [5] [6] [7] [8] . As a result, their energy density decreases more slowly than radiation or matter, and so, domain walls would easily dominate the Universe and spoil the success of the standard cosmology. To avoid the cosmological catastrophe, domain walls must either be unstable or remain subdominant until present.
If the discrete symmetry is approximate, domain walls are unstable. There is an energy bias between the true vacuum and the false vacua, which induces a pressure on the walls. Then, domain walls annihilate when the pressure on the walls becomes larger than the tension of domain walls. Such domain-wall annihilation is so violent that it leads to emission of a large amount of gravitational waves (GWs). Thus produced GWs retain various information on the UV physics. For instance, gaugino condensation leads to the formation of domain walls as a result of the spontaneous break down of the discrete R symmetry [9] , which is further explicitly broken by a constant term in the superpotential. The produced GWs are expected to be peaked at a frequency determined by the gravitino mass [10, 11] . Domain walls and the associated production of GWs are also studied in the standard model [12] and its extension such as the Higgs portal model [13] , the next-to-minimal supersymmetric Standard Model [14, 15] , thermal inflation model [16] and the clockwork QCD axion [17, 18] , etc.
The domain-wall annihilation also generates baryon asymmetry, if the corresponding scalar field is coupled to either SU(2) L gauge fields or the (B − L) current [19] . This is a variant of the so called spontaneous baryogenesis [20] [21] [22] [23] [24] [25] [26] [27] [28] . In contrast to spontaneous baryogenesis scenarios in the slow-roll regime, the baryonic isocurvature perturbation is naturally suppressed by the scaling behavior of the domain-wall network.
#1
In this paper we focus on the annihilation of unstable domain walls, and evaluate its impact on the currently ongoing and planned GW experiments. One of the purposes of this paper is to delineate the parameter space in terms of physical parameters where the GWs produced by the domain-wall annihilation are within the reach of the present and future experiments. We also study the domain-wall baryogenesis and its associated GW emission.
The rest of this paper is organized as follows. In Section 2, we evaluate the frequency and energy density of GWs from annihilating domain walls, and show the sensitivity reach of various GW experiments in terms of the domain wall tension and the annihilation temperature. In Section 3, we discuss implications of the detection of the GWs. The section 4 is devoted to conclusions.
2 Gravitational waves from domain walls
Biased domain walls
Let us consider a real scalar φ with a Z 2 -symmetric double-well potential:
One can find a static solution of the equation of motion with a boundary condition such that the two vacua are realized at x → ±∞,
which represents a domain wall extending along the x = 0 plane. The typical width of the domain wall δ is given by the inverse of the mass of φ at the potential minimum,
The surface density, i.e. the tension of the domain wall, is given by
where
is the (static) energy density of φ. When the Z 2 symmetry is spontaneously broken in the early Universe, domain walls are formed, and they quickly follow a scaling solution such that there is about one domain wall per Hubble horizon [5] [6] [7] [8] . Then the energy density of the domain walls scales as ρ DW ∼ σH, and its fraction to the total energy density is
where H denotes the Hubble parameter and M P the reduced Planck scale and we have defined
Thus, domain walls start to dominate the Universe at H ∼ H dom , and the Universe will be extremely inhomogeneous afterwards. This is the notorious cosmological domain wall problem.
To avoid the cosmological domain wall problem, let us introduce a small Z 2 breaking term, which induces an energy bias between the two vacua and thereby destabilize the walls.
The difference in the energy density between two vacua, V , gives a negative pressure in domains with the false vacuum and the walls are accelerated by this pressure. As a result the domains with the false vacuum collapse at
The energy fraction of domain walls at the annihilation is given by
Thus, domain walls annihilate before they start to dominate the Universe if V > σ 2 /M 2 P .
Gravitational waves from annihilating domain walls
The domain-wall annihilation is an efficient source of GWs. The power emitted as GWs from a massive object is simply estimated by the quadrupole radiation formula:
where I is a quadrupole moment of the object. In the scaling regime, there is one or a few domain walls in one Hubble horizon. For such a domain wall stretched to the horizon scale, the quadrupole moment is estimated to be I ∼ σ/H 4 . Thus the energy density of GWs emitted during one Hubble time is given by
The present GW energy density emitted at H = H e (> H ann ) normalized by the critical density today is given by
where Ω r 8.5 × 10 −5 denotes the density parameter of radiation (i.e. photons and three massless neutrinos) and we have defined
where we have substituted g * s0 3.909, g * 0 3.363, g * (H e ) = g s * (H e ) = 106.75 in the last equality.
Here and in what follows we assume that the Universe is radiation dominated during the epoch of GW emission. The typical frequency of GW at the emission is of order H e , and the corresponding frequency at present is given by
a(H e ) a 0 3 Hz g * (H e ) 106.75
where T e denotes the temperature at H = H e . Therefore, Eq. (10) indicates that the present GW spectrum has a peak at the frequency f peak = f (H ann ). The peak GW energy density is given by
Moreover, according to the numerical simulation [29] , the high and low frequency tails of Ω GW scale as f −1 and f 3 , respectively. Thus the whole GW spectrum is approximated by
Note that numerical simulation [29] also implies that there is a high-frequency cutoff at f > f cut , corresponding to the width of domain-wall at the annihilation:
The system of biased domain wall is conveniently parameterized by the domain wall tension σ and the temperature at which domain walls annihilate, T ann ∼ √ H ann M P . There are several conditions on these parameters. First, domain walls must annihilate before they dominate the Universe: r DW (H ann ) 1. This leads to
On the other hand, we assume that the bias energy is small enough to be regarded as a perturbation to the original scalar potential:
The above constraints can be expressed as
The GW amplitude takes the largest value if the domain walls annihilate just before they start to dominate the Universe, i.e, r DW (H ann ) = O(0.1). For example, let us consider the following interaction as a possible Z 2 breaking term, which induces a bias energy V µ 3 v φ between the two vacua. The constraint (17) is written as
If the scalar φ is in thermal contact with the ambient plasma, the scalar potential may receive thermal corrections. Such thermal effects on the φ potential is negligible at T = T ann , if
This is almost always stronger than (16) unless λ φ is extremely small. We note however that, if φ has interactions with thermal plasma, the domain-wall evolution can be significantly affected, as we shall see in the next subsection.
The produced GWs can be detected by various experiments such as advanced LIGO (aLIGO) [30] , DECIGO [31] , eLISA [32] , and EPTA [33] . Also, there is a recently proposed experiment using a Bose-Einstein condensate (BEC) [34] . In Fig. 1 , we show the sensitivity reach of those experiments on the T ann -σ 1/3 plane. In the regions above the purple, orange, black, green and red solid curves, the produced GWs are within the reach of aLIGO (O5), eLISA, DECIGO, BEC and EPTA, respectively. In Fig. 2 , zooms of Fig. 1 are presented. We also show contours of log 10 (f peak /[Hz]) (vertical blue solid lines) and log 10 (Ω GW,peak h 2 ) (blue dashed lines). Here, h ≈ 0.68 [35] is a scale factor for Hubble expansion rate. The top left triangle region shaded in the gray is excluded since the domain walls dominate the Universe before they annihilate. ) and log 10 (Ω GW,peak h 2 ), respectively.
Effects of friction
So far we have ignored possible domain-wall interactions with the environmental plasma. In some realistic setup, e.g. the Higgs portal case to be discussed in the next section, the domain wall interaction with thermal plasma can be significant. It causes a frictional force on domain walls and can change the domain wall evolution in the early epoch. Let us suppose that a χ particle, which interacts with φ, is reflected around the domain wall with a probability close to be unity. If χ is in thermal equilibrium, the frictional force per unit area of domain wall is given by [4] 
where n χ ∼ T 3 is the χ number density, ∆p ∼ T v the average momentum transfer per collision, with v being the domain wall velocity. On the other hand, the domain wall tension itself causes accelerating force:
where R is the curvature radius of the domain wall. Note that just after the phase transition, R is much smaller than the Hubble length and maybe rather close to T −1 . After the time t, the irregularities at scales below ∼ vt is smoothed out, hence we expect R ∼ vt. If these two forces are balanced, we have
where H dom is given in (5). The energy density of domain wall is given by ρ DW ∼ σ/R. Hence its energy fraction is estimated as
where a tilde is added to show that it is evaluated in the friction regime. One should note that the scaling at H > H dom is significantly different. The energy density of the domain wall is much higher and the velocity/curvature radius is much smaller than the case without friction. The domain walls in the friction regime may annihilate when the bias energy becomes significant. The collapsing force per unit area of the domain wall caused by the bias is estimated as
Thus the bias-induced force begins to dominate over F σ (∼ F χ ) at H ∼ H ann with
where we again added a tilde as H ann to represent the annihilation time in the friction regime and distinguish it from the annihilation epoch without friction, H ann , defined in (6) . Note that H ann > H ann > H dom . After that, the false vacuum region begins to collapse while the friction acts as a repulsive force against the collapse. If they are balanced, i.e., F ∼ F χ , we have v ∼ V /T 4 hence it is accelerated as time goes on. Actually we find that the typical curvature radius is H −1 ann and the domain wall velocity v ∼ H ann /H ann at H ∼ H ann . Therefore, the typical time required for collapse of the false vacuum region is
It means that the false vacuum collapses within one Hubble time around H ∼ H ann . Thus domain walls annihilate when H = H ann in the friction-dominated case. The energy fraction of the domain wall at the annihilation is given bỹ
Now let us estimate GWs from the collapsing domain walls in the friction regime. From the quadrupole formula (8), by substituting I ∼ σR 4 , we havė
as a GW power emitted from the domain wall region with typical curvature radius R. There are (RH) −3 such regions in the Hubble volume, and hence the averaged GW energy density emitted during one Hubble time is estimated as
Substituting (23), we find
Thus the peak GW energy density at f peak = f ( H ann ) is
We see that the energy density of the GWs is smaller than the case without a friction.
In Fig. 3 , we show the contours of f peak and Ω GW,peak h 2 including effects of the friction. We denote the temperature at H =H ann asT ann . It can be seen that, for a fixedT ann , the energy density of the GWs reduces more rapidly than the case without the friction as σ becomes small. However, in the regions ofH ann ∼ H dom , Ω GW,peak h 2 is almost same as the case without the friction (see Fig. 2) ; therefore, these regions are expected to be covered by the various GW experiments.
Phenomenological and cosmological implications 3.1 Vacuum stability
It is known that the measured Higgs mass at the LHC implies that our present electroweak vacuum is metastable, since the Higgs four-point coupling becomes negative above an intermediate scale Λ due to the renormalization group running effect. The instability scale Λ is sensitive to the top quark mass and it is estimated to be Λ ∼ 10 10 − 10 12 GeV. Such a metastable vacuum can cause a cosmological problem if the reheating temperature is high or if the Higgs field is to be identified with the inflaton [36] .
A real singlet scalar field with a large vacuum expectation value is motivated from a viewpoint of the vacuum stability [37, 38] . Let us consider a Higgs portal coupling of the singlet scalar as
The potential minimum is
Below the scale m φ , φ can be integrated out, which results in the effective Higgs potential,
Since this is the "measured" Higgs four-point coupling at the LHC, the genuine four-point coupling λ H differs from λ eff by an amount of 4λ This is an interesting model, but it suffers from the domain wall problem unless the Z 2 symmetry is spontaneously broken during inflation and never restored thereafter.
#2 However, the Higgs-portal coupling tends to stabilize φ at the origin in the early Universe due to the finite-density correction and/or the large Higgs field value in the Higgs inflation scenario. In such a case, the domain walls are necessarily produced and we need to introduce a small Z 2 breaking bias term in the potential to destabilize the domain walls as shown above.
The domain walls in this model experience a frictional force due to their interactions with the ambient plasma. In particular, the Higgs field takes a large field value inside the domain wall, which implies that most of the standard model particles (except for photons) become heavy inside the wall. Therefore, when those particles scatter with the domain wall, they are likely reflected from the wall, giving a sizable pressure on the wall. Thus, the domain wall in the Higgs portal scenario will be in the frictional regime except for the time before it starts to dominate the Universe. Note that we need m φ = 2λ φ v φ Λ to ensure the absolute stability of the Higgs potential. Therefore, σ 1/3 is smaller than the instability scale Λ for λ φ = O(1). One can see from Figs. 1, 2 and 3, the produced GWs can be within the reach of various GW experiments.
Baryogenesis
Domain walls move around at a velocity close to the speed of light due to their tension. If the corresponding scalar field is coupled to either SU(2) L gauge fields or to the (B − L) current, the domain-wall dynamics induces an effective chemical potential for the baryon or lepton number, and a right amount of baryon asymmetry could be generated when the domain walls annihilate [19] . This is a variant of the spontaneous baryogenesis scenario [20] [21] [22] . In contrast to the spontaneous baryogenesis in the slow-roll regime, the scaling behavior of the domain-wall network suppresses the baryonic isocurvature perturbations.
#2 If the real scalar φ is replaced by a complex scalar with global/gauged U(1) symmetry, cosmic strings are formed instead of domain walls. The formation of cosmic strings is less harmful than the domain walls. However, if the U(1) symmetry is further explicitly broken to Z N , our arguments can be applied to the corresponding domain walls.
Here we estimate the amount of baryon asymmetry induced by domain walls and delineate under which circumstances this scenario is valid. Let us assume that the scalar field φ is a pseudo scalar, and it is coupled to the lepton current as follows,
where M is a cut-off scale. Alternatively, we may introduce the coupling to the SU(2) L gauge fields like
and F a µν is the field strength of SU(2) L gauge fields andF a µν is its dual. In the latter case, the effective chemical potential is induced only when sphalerons are in equilibrium [19] .
In order to generate baryon asymmetry, we need some operator which explicitly violates either baryon or lepton number. As a concrete example, we adopt the ∆L = 2 operators responsible for the neutrino masses in the seesaw mechanism [40] [41] [42] [43] . Throughout this paper we assume that right-handed neutrinos are so heavy that they are not produced in thermal plasma. The interaction rate for the ∆L = 2 processes is approximated to be
where m i with i = 1, 2, 3 denotes the mass of three active neutrinos [44] . For the normal ordering for the neutrino mass differences, m 2.4 × 10 −3 eV 2 , the decoupling temperature of the L-violating process is
where we have assumed the radiation dominated Universe. As long as the reheating temperature T R is lower than T dec , the L-violating process is decoupled from the cosmic expansion. Suppose that a domain wall passes through some point in space, where the effective chemical potential, µ eff ∼φ/M ∼ m φ v φ /M , is induced temporarily. Then, some amount of lepton asymmetry is induced because the chemical potential slightly biases ∆L = 2 scattering processes, ↔ HH, etc. In the scaling regime, however, domain walls move around randomly and there is no preference for either of the vacua. As a result, no net asymmetry is generated. On the other hand, when the domain walls decay away due to the energy bias between the vacua, one of the sign of the chemical potential is preferred, leading to a non-zero asymmetry. The resultant baryon asymmetry is given by [19] n B s
where we have included the sphaleron conversion factor, g * s = 106.75 is the effective relativistic degrees of freedom contributing to the entropy density, and we used the fact that the asymmetry is generated at the domain wall annihilation. Here, we take M = v φ for simplicity. In the second equality, we have substituted (38) assuming the radiation-dominated Universe. Lastly let us comment on several conditions for the above scenario to work. First of all, the domain wall must be sufficiently thick so that the dissipation of the asymmetry is neglected, i.e., m φ < T ann . In terms of the tension of the domain wall, it reads
This condition is easily satisfied if λ is much smaller than unity. For instance, instead of the simple double-well potential (1), we may consider a flat-top potential which is often considered in a context of thermal inflation [45, 46] . Secondly, the domain walls could receive back reactions by the induced lepton asymmetry. This effect is negligible if the energy stored in the domain walls is larger than the extra energy of the asymmetry:
where n L is the lepton number density. If this inequality is not satisfied, the domain walls would feel the frictional force, and their evolution may be deviated from the simple scaling law. We impose the condition (42) at the time of domain wall annihilation, and then it reads
Thus, the domain-wall tension is bounded by the above two conditions (41) and (43) , and the allowed region will be enlarged for a smaller λ φ . In Fig. 4 we have shown the parameter region where the domain-wall induced leptogenesis successfully explains the present baryon asymmetry of the Universe. The gray regions are excluded since the constraint (41) and (43) are not satisfied. Comparing Fig. 1 with Fig. 4 , one can see that the GWs from the domain wall annihilation are out of the reach of the aLIGO experiment due to the required T ann , and they may be within the projected sensitivity reach of the experiment using the Bose-Einstein condensate [34] . Alternatively, if one considers another baryon-or lepton-number violating operator which is effective down to temperatures as low as T ann ∼ 10 9 GeV, a similar baryogenesis could work at low temperatures so that the GWs from the domain wall annihilation can be detected at the aLIGO experiment.
Conclusions
We have clarified the parameter regions of the domain wall tension and its annihilation temperature where the produced GWs are detected by the ongoing and future experiments. If the Higgs potential is stabilized by a portal scalar, the mass of the portal scalar is likely to smaller than ∼ 10 12 GeV. In this case the unstable domain wall may be generated and the tension of the domain wall is likely to be smaller than ∼ (10 12 GeV) 3 . With this tension, the emitted GWs can be detected by aLIGO(O5), DECIGO, EPTA, and so on. We have also discussed the possible effect of a frictional force originated from e.g., a Higgs portal interaction. In this case, the energy density of the GWs emitted from the domain wall annihilation is reduced compared to the case without the friction.
Finally, we show that the successful baryogenesis can be realized if the scalar forming the domain wall couples to the SU(2) L gauge fields or (B − L) current. We considered a case in which the ∆ = 2 operator is responsible for the generation of lepton number, and in this case, the produced GWs are out of reach of the aLIGO (O5). This is because the annihilation temperature is required to be rather high, and the peaked frequency is higher than the sensitivity reach of the aLIGO. On the other hand, they may be detected by the GW experiment using BEC, which is likely to cover higher frequency range. Alternatively, if one considers another baryon/lepton number violating operator which is effective at temperatures of order 10 8 GeV, the GWs produced by the domain wall annihilation can be within the reach of the aLIGO.
